Introduction
Cholecystectomy is one of the most frequently performed procedures in gastrointestinal surgery, and the laparoscopic approach is now the gold standard for symptomatic cholecystolithiasis as well as for chronic and acute cholecystitis [1] . Besides the advantages of a distinctly faster recovery and better cosmetic results, the laparoscopic approach bears a higher risk for iatrogenic bile duct injury (IBDI) and injury of the (right) hepatic artery. IBDI is a complication associated with significant perioperative morbidity and mortality, reduced long-term survival and quality of life, and high rates of subsequent litigation [2] . Despite increasing experience and progress in laparoscopic skills of surgeons, the incidence of IBDI is still elevated compared to open cholecystectomy [2] . The rate of clinically relevant bile leaks after conventional open cholecystectomy ranges between 0.1 and 0.5% [3] [4] [5] [6] . In contrast, biliary leakages have increased in the era of laparoscopic cholecystectomy (LC) by up to 3% [7] [8] [9] [10] . A variety of injuries can occur. Besides minor bile leakage of aberrant ducts, cystic stump or the main bile duct, complete occlusion of the main duct or a branch (often an aberrant right duct) can happen. In addition, bile duct strictures and biliary leakages are severe long-term complications after LC. These injuries are associated with high morbidity, mortality, and prolonged hospitalization [11] . Currently, endoscopic procedures are most frequently used in the management of postoperative IBDI. There are several endoscopic techniques available, e.g. biliary stent placement, biliary sphincterotomy, and nasobiliary drainage [12] [13] [14] . In this respect, endoscopic therapy can reduce the transpapillary pressure gradient and improve the transpapillary flow, which decreases the extravasation out of the biliary tract. This reduction of bile leakage allows healing of duct lesion injuries without direct surgical repair. Nonetheless, if major IBDI occurs, i.e. complete dissection of the common bile duct (CBD), surgical management is required to resolve this issue [15] . In an effort to reduce further complications and injuries in the hepatoduodenal ligament, surgical procedures should be performed in collaboration with skilled and experienced hepatobiliary surgeons, interventional radiologists, and gastroenterologists at a tertiary referral center [16, 17] .
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Prevention of Bile Duct Injuries
Although it has been 25 years since the introduction of LC, as a matter of fact, outcomes remain largely unchanged, with rates of bile duct injury higher in the modern age than in the era of open surgery [18] . Efforts to improve safety in LC have greatly increased the body of knowledge regarding all factors relevant to cholecystectomy. These include timing of the procedure and patient selection [19] [20] [21] [22] as well as training and assessment of surgeons performing LC [23] . Endeavors to increase safety of the procedure resulted in optimized intraoperative processes, such as photographic documentation [24] of the 'critical view of safety' (CVS), first described by Strasberg and colleagues almost 20 years ago [25] . Using the CVS technique, the Calot's triangle is completely unfolded by mobilizing the gallbladder neck from the gallbladder bed of the liver. When this view is achieved, the two structures entering the gallbladder (cystic duct and cystic artery) can be definitively detected. Importantly, it is not necessary to see the CBD since such a procedure may disturb bile duct perfusion ( fig. 1 ). In addition to this standard procedure, the use of intraoperative cholangiography (IOC) has been propagated by some institutions [26] . Several additional techniques are described to prevent IBDI during LC. Despite the plethora of publications and debates, there is still no consensus regarding the best setting and method, although most surgeons would agree that the CVS [18] and IOC [27] are among the most popular and effective [27, 28] . Both of these tools can be used via either laparotomy or laparoscopy. Other methods described include various dissection techniques (infundibular, anterograde, etc.), landmark techniques, Rouvière's sulcus [29] , Calot's node [30] , or use of ultrasound, just to name a few.
Therefore, the Society of American Gastrointestinal Endoscopic Surgeons (SAGES) has launched a new initiative in order to improve safety in LC, headed by the Safe Cholecystectomy Task Force (SCTF). This task force seeks to encourage a culture of safety in LC and to reduce biliary injury. To elucidate the crucial issues, an expert consensus study was conducted to identify factors considered most important to reach this goal [31] . The following top five most important factors linked to safe practice were denominated: (i) establishing CVS; (ii) understanding of relevant anatomy; (iii) appropriate retraction/exposure; (iv) knowing when to call for help; (v) recognizing the need for conversion or an alternate procedure (such as subtotal cholecystectomy). However, most of these suggested aspects, even the most widely used, such as CVS and IOC, require initial (blind) opening of the peritoneal layer covering the bile structures and/or cystic plate. In summary, avoidance (prevention) of IBDI requires secure identification of the cystic duct and the cystic artery prior to dissection.
In the future, ultrasound and intraoperative fluorescence cholangiography may help to reduce IBDI. In this respect, near-infrared fluorescence cholangiography (NIRFC) was developed [32] [33] [34] and a multicenter randomized controlled trial is currently recruiting to compare NIRFC-assisted laparoscopic cholecystectomy with conventional laparoscopic cholecystectomy (FALCON trial) [35] . When employing this method, intravenous injection of a dye (indocyanine green) and use of specific equipment, i.e. an NIR lightemitting xenon-based light source and a camera that is capable of detecting NIR fluorescence emitted by indocyanine green-dyed bile, is required [36] . Neither the dye (at normal doses) nor the equipment is dangerous (no irradiation) for the patient or surgeon. Compared with IOC, NIRFC has been shown to be quicker to perform and to cost less [37] ; however, an increased safety has yet to be proven. Theoretically, it should be possible to perform NIRFC in all cases (vs. a 93% rate for IOC) because of the impossibility to cannulate the cystic duct (which represents a dangerous risk factor!) [38, 39] .
Classification of Bile Duct Injuries
The older classifications are based on peripheral leakages, central leakages, and biliary strictures. Siewert et al. [40] described type 1 lesions, which are peripheral leakages and include immediate biliary fistulas. In contrast, central leakages consist of tangential lesions without structural loss of the bile duct and correspond with type 3 lesions [40] . Type 2 lesions occur when late strictures are diagnosed without obvious intraoperative trauma [40] . Table 1 and 2 present the Corlette-Bismuth classification and the Strasberg classification, respectively. The more recently introduced Stewart-Way classification (table 3) incorporates the mechanism of the IBDI as well as its anatomy and has been developed in the era of routinely used laparoscopic surgery. Moreover, this approach is feasible because it provides a tool for prevention of IBDI [41] . The classification also differentiates between resectional injuries and strictures, a distinction which is useful in guiding preoperative evaluation and biliary reconstruction. According to this classification, four types exist (table 3, fig. 2 ): -Class I injuries (6% of cases) occur when the CBD is mistaken for the cystic duct, but the flaw is recognized during the initial operation and before the CBD is transected. -Class II injuries (24% of cases) consist of lateral damage to the hepatic duct by unintended application of clips or cautery. These injuries do usually occur when visibility is limited due to inflammation or bleeding. For one reason or another, the surgeon was working too deep in the triangle of Calot, unknowingly close to the common hepatic duct (CHD). -Class III injuries, the most common (60% of cases), involve transection and excision of a variable length of the duct, which always includes the cystic duct-common duct junction. Class III injuries result from a misperception error whereby the CBD is mistakenly identified as the cystic duct. The surgeon transects the common duct (deliberately, thinking that it is the cystic duct) early in the dissection and then transects the CHD (unknowingly) later in the process of separating the gallbladder from the liver bed. Consequently, the central portion of the extrahepatic bile duct is removed along with the gallbladder. -Class IV injuries (10% of cases) involve damage (transection or injury) of the right hepatic duct (RHD) (or a right sectoral duct), often (60%) combined with injury to the right hepatic artery (RHA). Class IV injuries are caused either by misidentifying the RHD (or a right sectoral duct) as the cystic duct and the RHA as the cystic artery; or from lateral injury to the RHD (or a right sectoral duct) during the dissection deep in the triangle of Calot. Because the RHA lies posterior to the CBD, it can be injured or even transected in laparoscopic IBDI [42] . This occurrence is particularly common in cases of resectional class IV injury whereby the RHA is thought to be a large cystic artery and is consequently divided.
Diagnosis during Postoperative Period
Contrary to widespread opinion, the determination of serum alkaline phosphatase and total bilirubin in particular is not sensitive early in the initial postoperative course [43, 44] . The majority of patients with IBDI will present within the first few weeks following the index operation [45, 46] . The symptoms will be unspecific and may include fever, pain, and mild hyperbilirubinemia (2.5 mg/dl) from biloma or bile peritonitis [17] . Biliary leakage will be suspected in the case of bile appearance from either percutaneous drainage of abdominal collection or abdominal drain placed at the time of cholecystectomy. In case of injuries involving occlusion of the CHD or CBD without an intraperitoneal bile leak, the main symptoms will be jaundice with or without abdominal pain. In some cases, patients will present with cholangitis or cirrhosis from remote IBDI at a later time, probably months or even years after biliary surgery [25] . In severe early postoperative cases, patients will present with sepsis from cholangitis or intra-abdominal fluid collections. In the case of a suspected bile leak, ultrasound and/or an abdominal computed tomography (CT) scan will identify peritoneal fluid, biloma, or an abscess. In the case of perihepatic fluid collections, drainage can be applied percutaneously. Usually, broad-spectrum parenteral antibiotics covering the common biliary pathogens are initiated [46] . When a percutaneous drainage is applied and ongoing biliary drainage is observed, an active bile leak is verified.
Management

Principles of Surgical Management
IBDI can be a very serious complication that, if managed inadequately, can result in life-threatening complications such as cholangitis, secondary biliary cirrhosis (SBC), and portal hypertension. Even with successful management, quality of life may be diminished and survival may be impaired [47] . In general, these injuries are less commonly managed successfully by the primary surgeon who performs the initial cholecystectomy. Biliary reconstruction by the primary surgeon results in success rates between 17 and 30% [41, [48] [49] [50] . Data suggest that these injuries should be managed by a hepatobiliary surgeon with extensive expertise in biliary reconstruction as outcomes can be excellent; many expert surgical series report long-term success rates of more than 90% [51] [52] [53] [54] [55] [56] [57] [58] . Given that management of these injuries often requires an experienced multidisciplinary team (including interventional radiology, gastroenterology, and surgery), they are best handled in a tertiary referral center. It can be claimed that if immediate repair is possible by an experienced surgeon, even a completely transected bile duct can be primarily reconstructed as an end-to-end ductal anastomosis by employing simple interrupted absorbable monofilament stitches; this is a well-established routine in liver transplant (LT) surgery. Several conditions must be met for proper healing of each biliary anastomosis. The anastomosed edges should be healthy; there should be no inflammation, ischemia, or fibrosis; and the anastomosis should be tension-free and properly vascularized [59] . Refreshing of the proximal and distal stumps as far as the tissues are healthy and without inflammation should be performed. End-toend ductal anastomosis can be recommended for patients when the maximal loss of length of the bile duct is 4 cm. Approximation of both ends is possible by means of a wide Kocher maneuver. Contradictory meta-analyses regarding the usefulness of a T-tube in LT performing end-to-end ductal anastomosis can be found in the literature [60, 61] ; therefore, the application remains controversial. There is also a second type of T-tube available for biliary drainage, the so-called internal Y-drainage [59] . External T-drainage involves using a typical T-tube with insertion of its short branches into the bile duct, and conducting of its long branch through the abdominal wall outside. It can be removed percutaneously after healing of the end-to-end ductal anastomosis. Internal Y-drainage involves insertion of short branches of the T-tube into both the right and left hepatic ducts, splinting of the anastomosis, and conducting of its long branch into the duodenum by the papilla of Vater. This drainage can be removed endoscopically after healing of the end-to-end ductal anastomosis. It should be emphasized that the internal Y-drainage is less traumatic than the external T-drainage as it does not involve additional incision of the bile duct wall. Therefore, it was suggested as the drainage of choice in end-to-end ductal anastomosis [62] [63] [64] .
In the setting where a two-step approach has to be undertaken because either the injury was not identified at index surgery or an experienced surgeon was not readily available, the goal of surgical repair should be the establishment of a tension-free, mucosa-tomucosa duct enteric anastomosis, which in the majority of the cases will be an end-to-side Roux-en-Y choledochojejunostomy or, more commonly, a Roux-en-Y hepaticojejunostomy. In case of strictures involving the bifurcation or left or right hepatic ducts, bilateral hepaticojejunostomies may be necessary [17] . 
Timing of Biliary Reconstruction
Several studies reported that the timing of biliary reconstruction influences the outcome; these series reported worse outcomes for biliary reconstructions performed within 6 weeks of injury [52, 54, 65] . Stewart and Way [48] examined this question, using multivariate analysis, and noted that the timing of repair was not an independent predictor of successful biliary repair. Instead, success correlated with eradication of intra-abdominal infection, complete preoperative cholangiography, use of correct surgical technique, and repair by an experienced biliary surgeon. This timing issue most likely relates to the time required to eradicate intra-abdominal inflammation and to achieve nutritional repletion. In this series, good results were achieved with early biliary reconstruction in those patients with good nutrition, good functional status, and early control of intra-abdominal inflammation [48] .
Specific Bile Duct Injuries
Cystic Duct Leaks Cystic duct leaks are well manageable; the treatment of choice is endoscopic retrograde cholangiopancreatography and sphincterotomy [13] or endoscopic stenting and drainage of intra-abdominal bile collections. Nearly all cystic duct leaks will close with this management scheme. It is crucial to drain bile collections; the stent only acts to decrease the pressure in the biliary tree and does neither cover the leak nor prevent bile drainage.
Class I Injuries
Class I injuries, which are by definition recognized intraoperatively, can be immediately repaired. We recommend fine monofilament absorbable suture (e.g. PDS 6.0). These injuries are usually recognized with cholangiography; thus, only the small incision used to insert the cholangiocatheter needs to be repaired. Insertion of a T-tube catheter is rather contraindicated, as extension of the laceration to facilitate T-tube insertion results in worsening of the injury and an increased risk of stricture [66] . We recommend suturing the incision using simple interrupted stitches.
Bile Duct Injuries Recognized Intraoperatively
If IBDI other than class I are detected intraoperatively, there are two options. If a senior hepatobiliary surgeon is available, he or she should be called for immediate reconstruction. If not, drains can be placed (to evacuate bile) and the patient should be immediately referred to a tertiary center for further treatment. As already mentioned, repair by the primary surgeon is associated with less favorable outcomes, and sometimes the attempted repair can further damage the ducts and make subsequent reconstruction more difficult [48] [49] [50] . Surgeons should take into consideration the extent of injury as well as their own experience and skills in biliary surgery when determining the best approach for management of these biliary injuries.
Partial Hepatectomy and Transplantation
Hepatectomy is rarely required for IBDI; however, in case of failure of reconstructive approaches, it remains a necessary option. The ultimate rescue therapy available would be LT, but the indications are exceptional and reserved for patients in whom liver function is so deteriorated that repair or partial hepatectomy is impossible. These include: -patients with SBC with associated liver failure, with or without portal hypertension [67] [68] [69] ; -uncontrolled sepsis of the entire biliary tree, in the presence of severe intrahepatic bile duct strictures or metallic stents [67] [68] [69] ; -acute liver failure following severe vasculobiliary injury [70] [71] [72] ; -bile duct injuries in patients with pre-existing chronic hepatic disease [69] . In a small subset of patients with IBDI, failure of surgical or non-surgical management might lead to acute or chronic liver failure necessitating LT. In this regard, over a 24-year period, Parrilla et al. [73] analyzed 27 patients scheduled for LT with IBDI after cholecystectomy in whom surgical and non-surgical management for IBDI had failed. Emergency LT for acute liver failure was indicated in 7 patients after LC. 2 patients died while on the waiting list and only 1 patient survived more than 30 days after LT. Elective LT for secondary biliary cirrhosis after a failed hepaticojejunostomy was performed in 13 patients after open cholecystectomy and in 7 patients after LC. 1 patient from the elective transplantation group died within 30 days of LT. The estimated 5-year overall survival rate was 68%. In this study, emergency LT for acute liver failure was more common in patients with IBDI after LC and was associated with a poor outcome.
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